Tissues of 10 psittacines from aviary 1 ("case birds") and 5 psittacines from different aviaries were investigated for the presence of Avian bornavirus (ABV) antigen by immunohistochemistry using a polyclonal serum specific for the viral nucleocapsid (N) protein. Seven of 10 case birds had clinical signs, and necropsy findings consistent with proventricular dilatation disease (PDD) while 3 case birds and the 5 birds from other aviaries did not exhibit signs and lesions of this disease. In birds with clinical signs of PDD, ABV antigen was largely limited to neuroectodermal cells including neurons, astroglia, and ependymal cells of the central nervous system, neurons of the peripheral nervous system, and adrenal cells. ABV antigen was present in the nuclei and cytoplasm of infected cells. In 2 case birds that lacked signs and lesions of PDD, viral antigen had a more widespread distribution and was present in nuclei and cytoplasm of epithelial cells of the alimentary and urogenital tract, retina, heart, skeletal muscle, and skin in addition to the mentioned neuroectodermal cells. ABV RNA was identified by reverse transcription polymerase chain reaction (RT-PCR) in tissues of all 7 case birds available for testing from aviary 1, including 4 birds with PDD lesions and the 3 birds without PDD lesions. Sequencing and phylogenetic analysis indicated the presence of ABV genotype 1 in all cases. Findings further substantiate a role of ABV in PDD of psittacine bird species.
Introduction
Proventricular dilatation disease (PDD) has been recognized in more than 50 species of psittacine birds for approximately 30 years but its cause was elusive until recently. 3, 10 Lesions compatible with PDD have also been described in a variety of non-psittacine birds. 4, 13, 21 In 2008, a novel Avian bornavirus (ABV) was implicated as the possible cause of the disease based on the presence of viral RNA in naturally occurring cases. 12, 16 ABV was also isolated from brain tissue of psittacines with PDD. 9 Avian bornavirus is phylogenetically related to Borna disease virus (BDV), the sole species in the genus Bornavirus of the family Bornaviridae in the order Mononegavirales. 20 In contrast to BDV, the genetic variability of ABV is significant; to date, at least 6 genotypes (ABV1-6) have been identified in birds from Europe, the Middle East, Australia, and the United States. Five of these genotypes have been detected in psittacine birds while the sixth genotype was found in a canary bird, the only non-psittacine bird known to be infected with ABV. 27, 32 The genetic variability between genotypes is quite considerable, with a homology range of 50-90%, and differentiation of genotypes is currently mounting evidence that ABV infection is widespread in birds in North America, Australia, and Europe and can also be seen in apparently healthy animals. 5, 19, 25, 32 A recent study demonstrated the presence of ABV antigen in a wide variety of cells in psittacine birds with natural ABV genotypes 2 and 4 infection. 22 Experimental infections with genotype 4 virus demonstrated a causative role in PDD. 7, 9 In the current retrospective study, spontaneous cases of PDD are described, using histopathology, immunohistochemistry (IHC), and quantitative polymerase chain reaction (qPCR). The virus involved in these cases is characterized as a genotype 1 virus.
Materials and methods

Animals
The case birds (birds 1-10) comprise 10 birds from a single aviary (aviary 1) in Minnesota including 5 cockatiels (Nymphicus hollandicus), 1 blue-crowned parakeet (Aratinga acuticaudata), 1 Nanday parakeet (Aratinga nenday), 1 white cockatoo (Cacatua alba), and 2 salmon-crested cockatoos (Cacatua moluccensis; Table 1 ). The animals from aviary 1 were submitted over the course of 1 year.
In addition, tissues of 5 psittacine birds without clinical signs of PDD and originating from different aviaries (2) (3) (4) (5) (6) in Minnesota were used for IHC and PCR (birds 11-15; Table 1 ). These birds included 1 eclectus parrot (Eclectus roratus; bird 11), 1 great green macaw (Ara ambiguus; bird 12), 2 grey parrots (Psittacus erithacus; birds 13 and 14), and 1 cockatiel (N. hollandicus; bird 15). The fresh carcasses of birds 1, 3, 4, 8-15, formalin-fixed tissue of bird 7, and formalin-fixed tissues with the frozen remainder of the carcass of birds 2, 5, and 6 were available for investigation (Table 1) .
Polymerase chain reaction
Unfixed tissues, suitable for comparative analysis by quantitative RT-PCR for ABV, were only available from 7 of the 10 case birds and all control birds of the study (Table 2) . RNA was extracted, DNase I treated, reverse transcribed using random hexamer primers, and tested by PCR using degenerate primers developed for detection of described ABV genotypes that target the 3'-portion of the NP gene and the 5'-portion of the phosphoprotein (P) gene, 12, 19 as well as an overlapping segment within the N protein (forward: 5'-GCBCARCCATGGGTYGGHTC -3'; reverse: 5'-GCTC CAGTAAAAAGCGGCCGATGCC-3'). Sequence of the covered fragment (approximately 800 bp) was determined by automated dideoxy-sequencing, and partial nucleoprotein sequence (323 bp) was used for phylogenetic analysis.
Immunohistochemistry
All birds of the study were subjected to IHC for ABV antigen (Table 3) . A peroxidase-based polymer system was used for immunohistochemical demonstration of ABV antigen. a The IHC was performed using an automated staining process. b A polyclonal antiserum against N protein of ABV (strain 1367; GenBank accession no. FJ169440) was used as specific primary antibody. The 49-kDa histidine-tagged N protein was expressed in Escherichia coli, c purified on Ni 2+ -nitrilotriacetic acid agarose d and used for immunization of rabbits. e The specificity of the antibody was confirmed by enzyme-linked Table 1 . Signalment of 10 Avian bornavirus (ABV) RNA and/or ABV antigen-positive psittacine birds with (birds 1-3, 6-9) and without (birds 4, 5, 10) clinicopathologic evidence of proventricular dilatation disease (PDD) from 1 aviary in comparison to 5 ABV RNA-negative psittacine birds without signs of PDD from other aviaries (birds [11] [12] [13] [14] [15] immunosorbent assay and Western blot analysis, using purified protein, as well as antigen extract from ABV-infected parrots. 19, 31 Four-micron thickness sections were mounted on glass slides, deparaffinized with clearing agent, f and rehydrated in a graded alcohol series (100%, 95%, 70%, and 50% distilled H 2 O). The sections were incubated with 3% H 2 0 2 for 15 min in order to block the endogenous peroxidase activity. Sections were rinsed in Tris buffered saline with 0.05% Tween 20 g (TBST 0.05 M, pH 7.6). To block unspecific binding sites, the sections were incubated with normal goat serum that was diluted 1:10 in TBST. After draining excess blocking serum off the sections, the anti-ABV antiserum was applied for 45 min at room temperature. The antibody was diluted 1:1,250 in antibody diluent solution. h The sections were rinsed with TBST and subsequently incubated with the secondary antibody for 45 min at room temperature (polymer-labeled goat anti-rabbit immunoglobulin G i ; with 2% normal chicken serum added per volume). After rinsing in TBST, positive antigen-antibody reactions were visualized by incubating the slides with 3-amino-9-ethylcarbazole j for 10 min; slides were briefly counterstained with Mayer hematoxylin. Controls included substitution of the primary antiserum with diluted normal serum from nonimmunized rabbits and inclusion of brain tissue of a known ABV RNApositive bird with every badge. The amount of ABV antigen expression in different organs was graded subjectively into mild, moderate, and marked based on the estimated number of ABV antigen-positive cells.
Transmission electron microscopy
Based on their widespread and abundant ABV antigen presence (see the following), 2 birds (birds 5 and 10) were selected for electron microscopy to identify viral particles. Mesencephalon and kidney of a cockatiel (bird 5), and cerebellum, retina, kidney, and small intestine of a salmoncrested cockatoo (bird 10) were first post-fixed in 2.5% glutaraldehyde k and then post-fixed in 1% osmium tetroxide l 0.1 M sodium cacodylate buffer m (pH 7.4). Tissues were embedded in resin n and polymerized at 60°C for 48 hr. Ultrathin sections at silver interference (70-90 nm thickness) were stained with uranyl acetate and lead citrate. o Three serial sections of all tissues were examined with an electron microscope. p
Results
Seven of the 10 case birds from aviary 1 were clinically suspected of having PDD due to emaciation, regurgitation, and passage of undigested seeds (birds 1-3, 6-9). One salmoncrested cockatoo (bird 10) was submitted for necropsy after it had been attacked and fatally wounded by a white cockatoo. One cockatiel (bird 4) died after having dyspnea for several days. Another cockatiel (bird 5) died during what appeared to be a seizure without previous signs of illness. Birds 11, 13, and 14 were submitted for sudden death, while bird 12 was submitted for a rapidly progressive abdominal distension. Bird 15 had likely died from exsanguination after chronic recurrent feather picking with formation of granulation tissue.
Necropsy and histopathology
Seven case birds (birds 1-3, 6-9) had dilatation of crop, proventriculus, and ventriculus and/or duodenum suggestive of PDD ( Table 1 ). The degree of dilatation varied from mild to marked. The 7 case birds had lymphoplasmacytic brainstem encephalitis varying from mild to marked. Five of the 7 case birds with gross lesions of PDD (birds 1, 6-9) had a subtle lymphoplasmacytic ganglionitis of the crop, proventriculus, and/or ventriculus. Two cockatiels (birds 2, 3) did not have any significant inflammatory changes in these compartments of the alimentary tract despite having gross evidence of proventricular dilatation. Spinal cord and spinal ganglia were only available for examination from 3 case birds with gross PDD lesions. All 3 animals had mild to moderate lymphoplasmacytic spinal ganglionitis and lymphoplasmacytic myelitis ranging from mild to marked (birds 3, 8, 9) . Mild lymphoplasmacytic endocarditis was present in 1 bird (bird 9). The adrenal gland was only sampled in 2 of the affected birds; lymphoplasmacytic adrenalitis was detected in both birds (birds 7, 10).
Gross and histologic lesions suggestive of PDD, including lymphoplasmacytic ganglionitis and encephalitis, were absent in 3 case birds from aviary 1, including one of the salmoncrested cockatoos (bird 10) and 2 cockatiels (birds 4, 5). The salmon-crested cockatoo (bird 10) had skull and cervical spine fractures consistent with the history of interspecies aggression. One cockatiel had a large gonadal neoplasm (seminoma; bird 4) but no significant histologic inflammatory lesions of the peripheral or central nervous system. The other cockatiel (bird 5) had moderate multifocal lymphofollicular nephritis, pancreatitis, and salpingitis that were considered to be atypical of PDD.
Gross and histologic lesions of PDD were not present in any of the birds from aviaries 2-6 (birds [11] [12] [13] [14] [15] . Gross and histologic lesions of these birds included fungal aortitis (bird 11), cloacal adenocarcinoma (bird 12), marked aortic atherosclerosis (bird 14), and dermal ulceration with granulation tissue (bird 15). In one of these birds, significant lesions were not detected and the cause of death remained uncertain (bird 13).
Polymerase chain reaction
Frozen tissues of 7 case birds were tested for ABV nucleic acids by PCR ( Table 2 ). Analysis of the generated approximately 800-bp amplification products revealed identical sequence for birds from aviary 1 including the 3 birds without gross and histologic PDD lesions. In 5 birds, all examined samples were positive for ABV RNA. In 1 bird with PDD lesions, heart and cerebrum were positive, while crop, proventriculus, and kidney were negative for ABV RNA (bird 3). In 1 bird without PDD lesions, only the ventriculus was positive for ABV RNA, while crop, proventriculus, duodenum, pancreas, and brainstem were negative (bird 4). Phylogenetic analysis indicated the sequences to be most closely related to ABV genotype 1 (Fig. 1) ; this assignment was also supported by analysis of partial M gene sequence (not shown). All frozen tissues of the birds from aviaries 2-6 were negative for ABV RNA ( Table 2 ).
Immunohistochemistry
Avian bornavirus antigen was detected in the brainstem and cerebrum of all 7 birds with gross and histologic PDD lesions (Table 3) . Antigen was present in the cerebellum of 5 of these birds (Table 3) . Occasionally, the distribution of ABV antigenpositive cells was bilateral symmetrical in cerebrum and brainstem (e.g., nucleus septalis lateralis and medialis; Fig. 2A ). In the brain, the gray matter was the site of the predominant ABV antigen immunoreactivity, while fewer cells (presumably glial cells) were positive in the white matter. Affected cells included neurons, astroglial cells, and ependymal cells ( Fig. 2B-E) . Usually, a large number of cells and cell processes of neurons and glial cells were ABV antigen-positive in the brainstem and cerebrum and to a lesser extent in the cerebellum. In the cerebellum, frequently, the Purkinje cells were negative, while Bergmann glia was strongly positive (Fig. 2C ). In addition, astroglial cells bordering capillaries were frequently positive for ABV antigen (Fig. 2D ). Ependymal cells were ABV antigen positive in 2 birds (cases 7, 8; Fig. 2E ). Avian bornavirus antigen-positive neurons and glial cells were also detected in the spinal cord (birds 3, 8, 9) , spinal ganglia (birds 8, 9) , and ganglia of the myenteric plexus in crop (birds 1, 6, 7, 8; Fig. 2F ), proventriculus (birds 1, 6-9), ventriculus (birds 1, 2, 6-9), and duodenum (birds 7, 9) . Positive neurons had a strong brownish precipitate in the nucleus with or without weaker immunoreactivity in the cytoplasm. Cytoplasmic staining, only, was detected in the pancreatic islet cells of 2 birds (birds 7, 9; Table 3 ). Avian bornavirus antigen was also present in smooth muscle cells of the muscularis of crop and proventriculus (birds 6, 7, 9; Fig. 2F ). Smooth muscle cells of arteries in the alimentary tract and heart (birds 1, 2, 7) and axons and nuclei of presumably Schwann cells of unmyelinated visceral nerves were positive for ABV antigen in few cases (birds 2, 3, 9). In 1 case each, a low amount of ABV antigen Table 3 . Distribution of Avian bornavirus (ABV) antigen in tissues of 10 ABV RNA-positive psittacine birds with (birds 1-3, 6-9) and without (birds 4, 5, 10) clinicopathologic evidence of proventricular dilatation disease (PDD) from 1 aviary in comparison to 5 ABV RNA-negative psittacine birds without signs of PDD from other aviaries (birds [11] [12] [13] [14] [15] In one of the salmon-crested cockatoos (bird 10) and 1 cockatiel without PDD lesions (bird 5) from aviary 1, ABV antigen was widespread with respect to organ distribution and cell type (Table 3) , and abundant based on the intensity of the immunoreaction. The immunohistochemical findings in the central and peripheral nervous system resembled the findings described above in terms of cell tropism and distribution although the reactivity was more intense (Fig. 3A) . However, in addition to the reactivity in the central and peripheral nervous system, an intensive immunoreactivity was present in nuclei and cytoplasm of smooth muscle cells of arteries and alimentary tract muscularis and in visceral nerves, cardiomyocytes (Fig. 3B) , epithelial cells of the proximal tubuli of the kidney (Fig. 3C ), islet cells, and acinar cells of the pancreas (Fig. 3D) , as well as epithelial cells of the crop, proventriculus, ventriculus, and duodenum. In 1 of these 2 cases (bird 10, photoreceptors, nuclei of the outer and inner nuclear layers, and Müller cells of the retina (Fig.  3E ), adrenal cells, Purkinje fibers of the heart, keratinocytes of epidermis and feather follicles (Fig. 3F) , biliary epithelial cells of the liver, epithelial cells of the lung, skeletal muscle fibers, macrophages of the spleen, and follicular cells of the ovary were ABV antigen positive. In the bird without PDD signs (bird 5) but that had significant lymphofollicular inflammatory lesions in kidney, salpinx, and pancreas, individual immunoreactive cells were present among the inflammatory infiltrate (possibly macrophages; Fig. 3C ). In another bird without PDD lesions (bird 4), ABV antigen was only detected in the cytoplasm of pancreatic islet cells.
Although all tested organs of the 5 birds from aviaries 2-6 (birds 11-15) were negative for ABV RNA, 2 of them had sporadic immunoreactivity in individual tissues (birds 11, 12; Table 3 ). The immunoreactivity in these cases was limited to the cytoplasm similar to the findings in case bird 4 of aviary 1. Both birds had immunoreactive islet cells of the pancreas (Fig. 4A ) and a few individual immunoreactive cells among the epithelial cells of the proventriculus (Fig. 4B) . Three ABV RNA-negative birds (birds 13-15) also tested consistently negative for ABV antigen by IHC in all submitted tissues (cerebrum, cerebellum, and brainstem, crop, proventriculus, ventriculus, duodenum, adrenal gland, heart, and kidney), thus serving as negative controls for the study (Table 3 ).
Transmission electron microscopy
Few round virus-like particles, 84-104 nm in diameter, were present in the cytoplasm of neurons in the mesencephalon of 1 cockatiel (bird 5), while virus-like particles were not detected in the brain of the salmon-crested cockatoo (Fig. 5) . Few virus-like particles were present in unmyelinated nerve fibers of small intestine in the salmon-crested cockatoo (bird 10). Virus-like particles were not detected in the other examined organs of either bird. Ultrastructural cellular degenerative lesions were not detected in either one of the animals but mild artifacts due to postmortem tissue autolysis were present.
Discussion
The current study describes the organ distribution and cell tropism of ABV genotype 1 in naturally infected psittacine birds based on immunohistochemical detection of viral antigen and PCR amplification of nucleic acids. A polyclonal ABV N protein-specific antiserum demonstrated strong nuclear immunoreactivity in neurons, epithelial cells, and smooth muscle cells, in a pattern consistent with the nuclear replication and the pathognomonic intranuclear inclusion bodies previously described for BDV. 2, 14, 26 Three of the ABV RNA-positive birds did not have gross or histologic lesions of PDD. Birds without PDD signs or lesions, but infected with ABV, have been reported previously although the antigen distribution in these cases has not been reported. 5, 19 A 2010 study demonstrated a sensitivity and specificity of 100% for both ABV-specific PCR and IHC in birds of a flock infected with ABV genotypes 2 and 4. 22 In the 2010 study, only birds with gross and/or histologic lesions of PDD were positive for ABV RNA and antigen, while all birds without these lesions were negative for viral N protein antigen and M protein antigen. In 1 case of the present study (bird 4) that was positive for ABV RNA solely in the ventriculus, ABV antigen was present only in the cytoplasm of pancreatic islet cells. However, in 2 of the case birds in the present study, large quantities of viral antigen were detected in all examined organs and numerous cell types in the absence of gross or histologic PDD lesions (bird 10), or in the presence of an unusual disseminated lymphofollicular pattern of inflammation (bird 5). Tissue distribution and cell tropism in these birds were pantropic, infecting epithelial, mesenchymal, and neuroectodermal cells. A widespread cell tropism of ABV has been previously described in symptomatic, PDDaffected birds infected with ABV genotypes 2 and 4. 19, 22 The reasons for the remarkably widespread viral antigen distribution in 2 of the birds in the current study (birds 5, 10) without signs and lesions of PDD remain unclear. It may reflect early stages of a viremic infection that possibly manifests itself in clinical disease only during later stages when virus is beginning to be cleared from tissues by the immune response. However, this differs from the neurotropic infection and the immunopathological disease described in BDV-infected animals. 23, 24, 28 Alternatively, and comparable to the widespread peripheral distribution of BDV observed in immunosuppressed or neonatally infected rats the 2 animals may be incapable of mounting an efficient ABV-specific immune response, possibly due to neonatal or in ovo exposure to ABV or a decreased immune competence in aged animals. 11, 29 The presence of viral antigen in the retina in 1 of the 2 birds is in agreement with observations in naturally BDV-infected horses and experimentally infected rats that also express viral antigen in retinal neurons and Müller cells. 6 It is unclear whether the disseminated lymphofollicular inflammation in one of the birds (bird 5) was directly associated with the ABV infection or may reflect a concurrent disease problem of unknown etiology. The lymphofollicular pattern of the inflammation in this bird was considered to be atypical of PDD.
In the present study, electron microscopy for detection of viral particles was conducted in the 2 birds without PDD lesions (birds 5, 10) because IHC suggested the presence of a significant amount of viral antigen. Interestingly, electron microscopy demonstrated only a few virus-like particles in the cytoplasm of nerve fibers in the intestine of 1 animal (bird 10), and the mesencephalic neurons of the second animal (bird 5). Of note is also the absence of virus-like particles in the strongly ABV N antigen-positive cerebellum of the salmon-crested cockatoo (bird 10). The lack of virus-like particles in some tissues or only low numbers of particles in other tissues in conjunction with the high viral N protein antigen load of these tissues may suggest that virus maturation may be limited in some tissues despite successful and copious synthesis of N protein antigen. The observation of virus-like particles in the cytoplasm that could reflect maturation of ABV on intracellular membranes after export of viral genomes from the nucleus by a mechanism different from messenger RNA export is difficult to interpret in view of the reported budding of the virus on the cytoplasm membrane in an experimental model of BDV. 18 Since bornaviral particles have never before been detected in tissues from naturally infected birds or mammals, verification of the authenticity of the detected particles will require the use of immunogold labeling techniques in future studies.
Histopathology and electron microscopy failed to demonstrate any significant degenerative lesions of infected cells corroborating observations in naturally and experimentally infected horses and rats that bornavirus is noncytopathic. 8 The presence of few individual immunoreactive epithelial cells in the proventriculus and immunoreactive pancreatic islet cells in ABV RNA-negative birds (birds 11, 12) deserves further discussion.
This finding may suggest an unspecific signal since the reactivity pattern indeed differed from that observed in PCR-positive cases where predominantly the nuclei of infected cells were immunoreactive. The pancreas and proventriculus of only one of the birds (bird 12) were available for PCR, and were negative for bornaviral RNA. Based on a previous study demonstrating that cerebellum, cerebrum, brainstem, spinal cord, and adrenal gland are consistently positive for ABV RNA in ABV-infected animals, 22 the negative ABV PCR results of tissues of birds 11-15 would suggest the absence of ABV infection. Nevertheless, it cannot be ruled out that the immunologic reactivity was specific, since comparable staining was observed also in an ABV RNA-positive animal, which, however, tested negative for ABV RNA in the pancreas (bird 4). In addition, such cytoplasmic immunoreactivity was absent in the proventriculus and pancreas of both ABV RNA-positive and other negative animals indicating that the antiserum is not reacting nonspecifically to cell-specific antigens.
At least 6 genotypes of ABV have thus far been suggested through limited sequence analyses of NP and M gene fragments. 13, 17, 32, 33 There has been speculation that ABV genotypes 2 and 4 are predominant in acute symptomatic PDD cases. 7, 13, 17, 22, 25, 32 Brain homogenates of genotype 4-infected birds have been shown to induce PDD after inoculation into naïve birds, 7 and a tissue culture isolate of a genotype 4 virus provided proof that ABV can cause PDD after inoculation into a susceptible host. 9 In the birds in the current study, ABV genotype 1 was present. Genotype 1 ABV had previously been described in only 2 cases, a galah (Eolophus roseicapillus) from Israel with myenteric ganglioneuritis of the crop and ventriculus and a PDD-affected yellow-collared macaw (Primolius auricollis) from the United States. 9, 16 In the present study, genotype 1 virus was consistently detected in the birds from the affected aviary, with identical sequence in all cases. This conservation seems noteworthy considering that the first and last infected cases of the series were submitted approximately 1 year apart indicating that the virus may circulate for an extended period of time in a collection or that the disease may have a long subclinical course in some infected animals. It is currently unknown whether reservoir species may be involved in the epidemiology of borna disease.
